Analysis of Rayleigh-Lamb Modes in Soft-solids with Application to Surface Wave Elastography  by Benech, Nicolás et al.
 Physics Procedia  70 ( 2015 )  175 – 178 
Available online at www.sciencedirect.com
1875-3892 © 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Scientific Committee of ICU 2015
doi: 10.1016/j.phpro.2015.08.104 
ScienceDirect
2015 International Congress on Ultrasonics, 2015 ICU Metz 
Analysis of Rayleigh-Lamb modes in soft-solids with application to 
surface wave elastography 
Nicolás Benecha*, Gustavo Grinspanb, Sofía Aguiarc, Javier Bruma, Carlos Negreiraa 
Mickäel tanterd and Jean-Luc Gennissond 
aLaboratorio de Acústica Ultrasonora, Instituto de Física, Facultad de Ciencias, Igua 4225, 11400, Montevideo, Uruguay 
bSección Biofísica, Instituto de Biología, Facultad de Ciencias, Igua 4225, 11400, Montevideo, Uruguay  
cInstituto de ensayo de materiales, Facultad de Ingeniería, Julio Herrera y Reisig 565, 11300, Montevideo, Uruguay  
dInstitut Langevin, ESPCI ParisTech, PSL Research University, CNRS UMR7587, INSERM U979, 1 Rue Jussieu, Paris, France 
Abstract 
The goal of Surface Wave Elastography (SE) techniques is to estimate the shear elasticity of the sample by 
measuring the surface wave speed. In SE the thickness of the sample is often assumed to be infinite, in this way, the 
surface wave speed is directly linked to the sample's shear elasticity. However for many applications this assumption 
is not true. In this work, we study experimentally the Rayleigh-Lamb modes in soft solids of finite thickness to 
explore the optimal conditions for SWE. Experiments were carried out in three tissue mimicking phantoms of 
different thicknesses (10 mm, 20 mm and 60 mm) and same shear elasticity. The surface waves were generated at 
the surface of the phantom using piston attached to a mechanical vibrator. The central frequency of the excitation 
was varied between 60 Hz to 160 Hz. One component of the displacement field generated by the piston was 
measured at the surface and in the bulk of the sample trough a standard speckle tracking technique using a 256 
element, 7.5 MHz central frequency linear array and an ultrasound ultrafast electronics. Finally, by measuring the 
phase velocity at each excitation frequency, velocity dispersion curves were obtained for each phantom. The results 
show that instead of a Rayleigh wave, zero order symmetric (S0) and antisymmetric (A0) Lamb modes are excited 
with this type of source. Moreover, in this study we show that due to the near field effects of the source, which are 
appreciable only in soft solids at low frequencies, both Lamb modes are separable in time and space. We show that 
while the Ao mode dominates close the source, the S0 mode dominates far away.   
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1. Introduction 
Assessing the mechanical parameters of soft-solids from surface wave velocity measurements is an active field of 
research in elastography. Despite elasticity imaging systems are now commercially available, they are still 
unaffordable for many applications where a global elasticity measurement is required instead of an elasticity image. 
A non-exhaustive list includes quality controls in the food industry (Brum 2009, Benech 20102a) and diagnosis of 
musculoskeletal disorders where usually subjective palpation techniques are applied to assess muscle stiffness 
(Benech 2012b, Salman 2013). Therefore, low-cost surface wave methods emerge as an alternative to more 
sophisticated imaging systems. Generally, the surface wave is generated by a mechanical low-frequency (20 – 200 
Hz) source acting on the surface of the sample. The surface wave is then detected by two or more sensors (e.g. 
accelerometers, passive piezoelectric sensors, etc.) located at different positions on the surface of the sample (Brum 
2008). In addition, non-contact measuring systems like laser Doppler vibrometry or optical methods were reported 
(Salman 2013, Benech 2005). Whatever the measuring system, it is assumed that the Surface Wave Velocity (SWV) 
is related in a simple way to the shear wave speed ȕ which is directly linked to the shear modulus μ through μ = ȡ ȕ2 
(ȡ being the density of the material). Under this assumption, a high SWV value indicates a high value of μ. 
However, since samples are finite-sized, usually guided wave modes propagates along the surface. Consequently, the 
measured SWV will depend on the dimensionless parameter İ = fh/ȕ, where f is the frequency of the wave and h 
samples’ height. This dependence prevents to compare inter-sample measurements and only relative elasticity 
changes of the same sample can be reported. Therefore, a technique capable of measuring the absolute elasticity 
value would benefit inter-sample comparisons and the whole technique. The aim of this work is to give a step in that 
direction.   
2. Experimental setup 
 
Fig 1. a) Schematic of the experimental setup where the low-frequency source and the US probe are shown. b) Diagram showing two different 
arrival paths to a particular position within the lower surface. The path labelled with t1 is the direct shear wave while the path labelled with t2a and 
t2b indicates a wave that arrives at the lower surface and then propagates along the surface.  
Figure 1a displays a schematic of the experimental setup. Three tissue mimicking phantoms of heights h = 10, 20 
and 60 mm were made from the same mixture of agar-gelatin (2% agar, 3% gelatin), i.e. same shear elasticity. The 
length (185 mm) and width (120 mm) were the same for the three samples. The surface wave was generated by a 
7.5-mm-diameter piston attached to a mechanical vibrator working from 60 to 120 Hz with a 20 Hz step acting 
normally to the surface of the sample. For each frequency, the vibrator was excited with a two-cycle sinusoid at the 
corresponding central frequency. The transient displacement field generated by the piston was measured at the 
surface and in the bulk of the sample trough a standard speckle tracking technique using a 256 element, 0.2 mm 
pitch, 7.5 MHz central frequency linear array and a home-made ultrasound ultrafast research prototype working at a 
frame rate of 2 kHz. The phantoms were hold up from the sides such as they have two free surfaces. The low-
frequency source was placed on the upper surface while the ultrasonic array was placed in the lower one so that the 
first element of the array is aligned with the piston as indicated in Fig. 1a. A layer of coupling gel was put between 
the phantom and the probe in order to assess the lower surface displacements. This configuration allows measuring 
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the z component of the elastic field (ݑ௭ሺݔǡ ݖǡ ݐሻ) in the x,z plane as function of time. The shear wave speed value 
measured through 1D transient elastography is ߚ ൌ ͶǤ͸ͺ േ ͲǤͲͺ݉Ȁݏ.    
3. Experimental results and discussion 
 
 
Fig 2. Displacement field as function of x and t measured at (a) the upper surface (z = -5 mm) and (b) the lower surface (z = 5 mm). Comparison 
of the displacement as function of t for (c) x = 10 mm and (d) x = 40 mm. 
The propagation modes are due to the interactions between the reflected (and mode conversion of) P and S-waves 
along the sample. Since the speed of the P wave is 1500 m/s and given a frame per second of 2 kHz this wave 
practically propagates “instantaneously” throughout the phantom. Therefore, due to the low speed of the S-wave (~5 
m/s), it will always interact with the P-wave. Figures 2a and 2b show the 100 Hz surface displacement field ݑ௭ሺݔǡ ݐሻ 
for the 10 mm height phantom  at the upper (z = -5 mm) and at the lower (z = 5 mm) surface respectively. The 
colorbar in these figures was set in order to the smaller amplitude waves to be visible. A full black line 
corresponding to a propagation speed of 4.68 m/s was included in these figures as reference. We can see in fig 2a 
that a negative displacement cycle is the first wave to arrive followed by a strong positive one. As is clear in the 
figure, the former propagates faster than the shear wave speed (full red line) while the second propagates slower 
(full blue line) between x = 0 and 25 mm. Fig 2c and d show a comparison of the displacement of the upper and 
lower surface for x = 10 and 40 mm respectively. In fig 2c we observe that the displacements are out of phase until t 
= 6 ms. After that, they are in phase. For x = 40 mm (fig 2d), the displacements are out of phase for all values of 
time. Our interpretation of this observation is that the source excites both symmetric and antisymmetric modes. It is 
worth noticing here that, since the source first acts in the positive z direction, the P and S displacement along the 
surface are negative while the Rayleigh wave is positive. Therefore, the first negative cycle of the upper surface of 
fig 2c is a consequence of the interaction of (direct and reflected) P and S waves. This interaction gives rise to a 
symmetric mode, which propagates faster than the shear wave speed. For t > 6ms, the interaction of Rayleigh, S and 
P waves dominate the field. Thus, until approximately x = 25 mm, the displacement on both surfaces are in phase, 
exciting an antisymmetric mode. However, for x > 25 mm the displacement of the lower surface changes its sign and 
is negative (t ~ 11ms) while in the upper surface it is still positive. These experimental observation can be explained 
taking into account the near-field effects of the source. For the excitation frequency used, the shear wave 
wavelength is approximately 47 mm. Therefore, most of our experimental data lie within the near-field of the source 
(Sandrin 2004). It has been shown before that the phase speed of the near-field term ܥேி depends of the polar angle 
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Thus, apart for the P-wave, the first wave arriving to the lower surface is the near-field S-wave below the source (ș 
= 0). This wave, propagating with positive displacement within the bulk, produces a negative displacement S-wave 
on the lower surface (SL).  Thus, at a given position x of the lower surface, we may compute two arrival times 
depicted in fig 1b: the time ݐଵ of the direct near-field S-wave with positive displacement and the time ݐଶ of surface 
SL wave which is the sum of times ݐଶ௔ and ݐଶ௕ as shown in fig 1b: 
 
ݐଵ ൌ ሺͶඥሺ݄ଶ ൅ ݔଶሻଷሻȀ͵ߚሺʹ݄ଶ ൅ ݔଶሻǢ ݐଶ ൌ ʹ݄Ȁ͵ߚ ൅ ݔȀߚ      (2) 
 
These two arrival times are equal at a distance that we call ݔ௖. After some algebra, we found that ݔ௖ ൎ ʹ͵݉݉ for h 
= 10 mm and ݔ௖ ൎ Ͷ͸݉݉ for h = 20 mm. Thus, for ݔ ൐ ݔ௖ǡ ݐଶ ൏ ݐଵ and the surface SL wave arrives earlier than the 
direct S wave. Fig. 3a displays the SWV as function of ߳ ൌ ݂݄Ȁߚ  measured for ݔ ൏ ݔ௖ on the upper surface for the 
three phantoms and all the excitation frequencies. The full line corresponds the theoretical A0 mode. Fig. 3b displays 
the SWV as function of ߳  for ݔ ൐ ݔ௖ . Since ݔ௖ ൐ ͷͲ݉݉  for the 60 mm height phantom, the results for this 
phantom are not included in the figure. The full line is the theoretical S0 mode. This last result shows the existence 
of a critical distance separating the symmetric from the antisymmetric mode related to near-field effects.  
 
Fig 3. SWV as function of ߳ for (a) ݔ ൏ ݔ௖ and (b) ݔ ൐ ݔ௖. The full lines represent the theoretical A0 and S0 modes respectively. 
4. Conclusions 
In this work we have shown that a low-frequency point-like source acting normally on the free surface of a soft 
solid produces symmetric and antisymmetric Rayleigh-Lamb modes. Although the antisymmetric mode dominates 
the field, the symmetric mode can be measured and separated in space and time of the antisymmetric one. We show 
the existence of a critical distance separating the two modes. This distance is related to the near-field effects of the 
elastic field and is not relevant for ߳ ൒ ͳ (i.e when ݄ ൒ ߣ௦). This result may have consequences in SE applications, 
in particular when absolute elasticity values are required instead of relative elasticity changes.  
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